In a series of behavioral experiments in the 1960s, G.R. Morrison identified several unique features of the taste of Na 2 CO 3 to rats; namely, it is 1) considerably more intense than NaCl at isomolar concentrations, 2) avoided at 10 times lower concentrations than NaCl to thirsty rats, 3) preferred at 10 times lower concentrations than NaCl in sodium-depleted rats. He also demonstrated its qualitatively similarity to NaCl. In Experiment 1, we confirmed and extended many of Morrison's observations. Rats were injected with furosemide on 3 occasions to stimulate a sodium appetite. After each depletion, rats were given a brief-access taste test in a lickometer presenting, in random order, water and 7 concentrations of salt. One test used NaCl (0.028-0.89 M, quarter log steps), another used Na 2 CO 3 , and the third used Na 2 CO 3 , but at a tenfold lower concentration range (0.0028-0.089 M). Rats licked NaCl in an inverted-U shaped concentrationresponse function peaking at 0.158-0.281 M. As Morrison's results predicted, rats licked Na 2 CO 3 in nearly identical fashion, but at a tenfold lower concentration range (peak at 0.0158-0.028 M). In a second experiment, furosemide-treated rats were repeatedly tested with the lower Na 2 CO 3 range but mixed in the epithelial sodium channel blocker amiloride at various concentrations (3-300 μM, half log steps). Amiloride reduced licking for Na 2 CO 3 and shifted the peak response rightward up to about half a log unit. Thus, this "super-saltiness" of Na 2 CO 3 to rats is at least partly amiloride-dependent.
Introduction
G. Rolfe Morrison was one of the pioneers of the behavioral analysis of taste in animal models. He recognized that a taste percept consisted of many aspects-intensity, quality, and hedonics (Breslin and Spector 2008) , and he developed procedures that might permit these aspects to be identified in rat behavior so that they might be related to one another (Ganchrow and Erickson 2000; Grobe and Spector 2008; Morrison 1967; 1969a , 1969b Morrison and Norrison 1966) . In many of his procedures, he measured immediate responses of rats to small volumes of taste stimuli; minimizing postingestive consequences allowed him to isolate the role of taste in ingestive behavior (St. John and Spector 2008) .
In several studies, Morrison noted some peculiar properties of the taste of Na 2 CO 3 to the rat. In one experiment (Morrison 1969b) , rats were trained to press one of two levers after sampling a stimulus. One lever was always reinforced after licking water, the other was reinforced after licking either 1 M NaCl, 0.01 M HCl, or 0.001 M quinine hydrochloride. A test salt was then introduced at various concentrations, and the lever press of the rat was interpreted as the stimulus being "more water-like" versus "more taste-like". In general, the salts tested (NaCl, KCl, MgCl 2 , Na 2 SO 4 , K 2 SO 4 , CaCl 2 , and NH 4 Cl) revealed predicted concentration-response functions based on the electrophysiological properties of the gustatory nerves (Beidler 1953 )-except for Na 2 CO 3 . Na 2 CO 3 proved to be considerably more effective a salt stimulus than NaCl or Na 2 SO 4 . For example, when presented with 0.0125-0.8 M NaCl, only 0.8 M NaCl prompted rats to press the "taste" lever more than 75% of the time. By contrast, test stimuli as low as 0.05 M Na 2 CO 3 produced "taste" lever presses with that frequency.
Because several of the salts used in the study described above (the nonsodium salts) had previously been shown to have considerable similarity to HCl or quinine (Morrison 1967) , the previous study required a complicated water vs. all other tastes (NaCl, HCl, quinine) design. In a follow-up study (Morrison 1972) , relying on his previous work showing that neither NaCl or Na 2 CO 3 showed any qualitative similarity to HCl or quinine (Morrison 1967 ), Morrison replicated the earlier work (Morrison 1969b ) using a more straightforward task in which one lever was associated with water and the other with 1 M NaCl only. In a second experiment, Morrison used a brief-access licking procedure to assess the relative palatability of various concentrations of NaCl and Na 2 CO 3 (0.0125-1 M) to water-restricted rats which were interspersed and delivered along with water in brief (1.5 s) trials within two sessions. Here, Na 2 CO 3 proved to be far more aversive than NaCl at isomolar concentrations. Na 2 CO 3 , of course, contains twice as much sodium per mole as NaCl, but in each of these experiments, Na 2 CO 3 appeared to produce equivalent behavior to that of 10-fold higher NaCl.
Perhaps the most interesting result was from a third Na 2 CO 3 study (Morrison and Young 1972) dealing with formalin-injected rats that display a robust sodium appetite (Handal 1965; Wolf and Steinbaum 1965) . Over a 10 h period, sodium-deficient rats consumed equal amounts of 0.3 M NaCl and 0.03 M Na 2 CO 3 (measured hourly to 6 h, and again at 10 h). Morrison's primary interest in this study was to investigate whether sodium appetite is a tastebased phenomenon, or whether it was due to physiological metering of absorbed sodium, a matter in debate at the time. He reasoned that this was good evidence for the role of taste, as he had earlier demonstrated that Na 2 CO 3 tasted about 10 times as intense as NaCl, but only contained twice as much sodium.
Thus, Na 2 CO 3 was shown, in 4 studies, to be: 1) considerably more intense than NaCl at isomolar concentrations (Morrison 1969b) , 2) avoided at tenfold lower concentrations relative to NaCl in thirsty rats (Morrison 1972) , 3) consumed at equivalent levels to 10-fold higher concentrations of NaCl in sodium-depleted rats, at least at a particular set of concentrations (Morrison and Young 1972) , yet 4) to have a similar taste quality to rats as NaCl (Morrison 1967) . Given the considerable interest in the development of lowsodium taste enhancers, it is surprising that these observations about the peculiar taste properties of Na 2 CO 3 have been largely ignored in the 4 decades that followed. Our review of the literature has uncovered few instances of Na 2 CO 3 being used as a taste stimulus in human or animal behavioral or electrophysiological investigations.
In the present study, we sought to replicate and extend Morrison's work by applying a behavioral sodium appetite protocol developed by Breslin and colleagues (Breslin et al. 1993a; St. John 2017; St. John and Hallagan 2005) , who were originally interested in whether sodium appetite is accompanied by changes in perceived intensity of NaCl. In single-bottle intake and brief-access tests, rats consumed sodium in an inverted-U shaped concentration-response function peaking around isotonic NaCl (0.15 M). They reasoned that if sodium depletion caused a change in perceived intensity, this function would shift leftward (increased intensity) or rightward (decreased intensity). They found that the concentration-response function shifted upward, consistent with increased hedonic evaluation but no change in perceived intensity (St. John 2017) . Given that Morrison's results suggest that Na 2 CO 3 is stronger than NaCl but equivalent in taste quality, Breslin et al.'s paradigm is ideal for evaluation of Na 2 CO 3 's unique taste properties. If Morrison's speculations are correct, sodium-depleted rats presented with a range of Na 2 CO 3 concentrations should show the same overall licking avidity for it as they do for NaCl, but across a tenfold lower concentration range.
In a second experiment, we examined the effect of amiloride on licking responses to Na 2 CO 3 . This was done for the following reasons. First, Morrison speculated that the CO 3 anion might be critical in Na 2 CO 3 's unique taste properties (Morrison 1969b) . The role of the anion in salt taste transduction is still a matter of some debate (Beidler 1953; 1954; Breza and Contreras 2012b; Elliott and Simon 1990; Formaker and Hill 1988; Lewandowski et al. 2016; Simon 1992; Ye et al. 1991) , but amiloride appears to interfere with an anion-independent sodium salt transduction pathway (Elliott and Simon 1990; Ye et al. 1993) . Second, a variety of behavioral studies indicate that amiloride interferes with the behavioral expression of a sodium appetite (Bernstein and Hennessy 1987; McCutcheon 1991; Roitman and Bernstein 1999; St. John 2017) , possibly because it compromises the recognition of the taste quality of sodium (Hill et al. 1990; Kopka et al. 2000; Spector et al. 1996) . If Na 2 CO 3 and NaCl are similar in taste quality, amiloride should disrupt the expression of sodium appetite by reducing licking for Na 2 CO 3 in an amiloride concentration-dependent fashion.
Materials and method

Subjects
Twenty-four naïve, adult, Sprague-Dawley rats (initial body weight: 195-371 g) were tested in two experiments (N = 12 each). Rats in Experiment 1 were male; in Experiment 2, half were male, half female. Rats were housed in transparent plastic cages and were provided food (Harlan Teklad 8604, Madison, WI) and tap water ad libitum except where noted in Procedure. The temperature-and humidity-controlled colony room was programmed with a 12:12 h light:dark cycle, and all experimental manipulations took place during the lights-on phase.
Experimental procedures were approved by the Institutional Animal Care and Use Committee of Rollins College and conformed to the principles established by the "Guide For The Care And Use of Laboratory Animals".
Apparatus
Rats were tested in an automatic lickometer referred to as the "Davis Rig" (Davis MS-160, DiLog Instruments, Tallahassee, FL) that permits several taste stimuli to be presented to a rat in brief trials within a single test session (Smith 2001) . Briefly, this apparatus consists of a plastic animal chamber (30 × 14.5 × 18 cm) and a motorized tray upon which can be mounted up to 16 tastants in glass tubes. A single bottle is positioned by the control software in front of an oval opening in the front wall of the animal chamber (1.5 × 4 cm, located 3 cm from the floor). The rat can access this tube when an intervening motorized shutter is swung down. A taste trial begins with the rat's first lick on the tube (which requires extension of the tongue into an even narrower orifice, 0.5 × 1 cm, effectively preventing contact of the spout with any other part of the animal). Length of trials can be programmatically controlled; in these experiments, during test sessions, this was 15 s, and a 7.5 s interpresentation interval separated the end of one trial from the shutter opening of the next. Each lick is counted by a contact circuit (50 nA).
In these experiments, taste stimuli were delivered in randomized blocks. During test sessions, 8 bottles were used containing different taste solutions (see Procedure). Sessions were 40 min in duration, and the rat could initiate as many trials as desired during that time.
Taste solutions
During training (see Procedure), rats were presented with deionized water and 0.3 M sucrose. During testing, a single session consisted of 8 stimuli: deionized water and 7 concentrations of either NaCl or Na 2 CO 3 . Concentration array was either 0.028, 0.05, 0.089, 0.158, 0.281, 0.5, and 0.89 M or tenfold lower, 0.0028, 0.005, 0.0089, 0.0158, 0.028, 0.05, and 0.089 M. In Experiment 2, each concentration of this latter set of Na 2 CO 3 concentrations was mixed in amiloride hydrochloride at various concentrations on different days (3, 10, 30, 100, or 300 μM). Stimuli were purchased from Sigma Chemical (St. Louis, MO). Solutions were prepared fresh for each session in deionized water.
Procedure
Training
The procedure was based on the work of Breslin and colleagues (1993a) (see also St. John 2017; St. John and Hallagan 2005) . Water was removed from the home cage 24 h prior to a training session in the Davis Rig in which rats had access to a single tube of deionized water for 20 min. This training session was repeated on the following day, after which sodium-deficient chow (Harlan Teklad 90228) was placed in the home cage alongside standard chow to habituate the animals to this diet. A 2-h free access water period in the home cage was also provided immediately after the training session. On the next day a third training session was provided, but 0.3 M sucrose, rather than water, was available. After the session, and for the remainder of the experiment, water was again available ad libitum in the home cage.
On each of the next 2 days, rats were given Davis Rig training sessions in which multiple stimuli were available in brief trials. During 30-min sessions, rats had access to water and 0.3 M sucrose in 15-s trials delivered in a randomized block design. The rats then had 2-3 days of no testing. On the first of these days, home cage tap water was replaced with deionized water for the remainder of the experiment.
Testing cycles
Rats in Experiment 1 were tested in 3 testing cycles; rats in Experiment 2 were tested in 7 testing cycles. Each test cycle was 1 week in duration.
On the first day of a cycle, the rat was injected subcutaneously with 2 mg furosemide. This dose (approximately 6 mg/kg) was selected based on published work suggesting that it produces a strong sodium appetite, and because higher doses cause nonspecific effects such as decreased food intake (Lundy et al. 2003) . After injection, rats were placed into clean cages with fresh bedding, and an elevated, wire grid floor was inserted into the cage onto the bedding to minimize the opportunity for rats to reclaim lost body sodium via urine or feces. Cages were provided with ample deionized water and sodium-free diet; standard diet was removed.
On the second day of the cycle, the rat was tested in the Davis Rig in a 40-min test session with 8 stimulus tubes available for unlimited 15-s trials. Trials were presented in randomized blocks of 8. Over the 3 cycles of Experiment 1, stimuli were Na 2 CO 3 at the high range (0.0281-0.89 M), Na 2 CO 3 at the low range (0.0028-0.089 M), and NaCl (0.0281-0.89 M). Half of the rats in this experiment were given sessions in a different order (low Na 2 CO 3 followed by high Na 2 CO 3 followed by NaCl). Over the 7 cycles of Experiment 2, rats were tested with Na 2 CO 3 at the low range exclusively, but the Na 2 CO 3 solutions were mixed in amiloride in the following sequence across sessions: 0 μM, 3 μM, 10 μM, 30 μM, 100 μM, 300 μM, 0 μM (repeat test). Half of the rats in this experiment were given sessions in descending order of amiloride concentration (0 μM, 300 μM, 100 μM, 30 μM, 10 μM, 3 μM, 0 μM).
The next 5 days of the test cycle were days without testing, and with standard chow available in the home cage to allow normal sodium balance to be maintained. Sodium-free chow was removed from the home cage during this recovery period.
Results
Experiment 1
An apparatus failure compromised the data for one rat during the final test session. The remaining 11 rats are included in the statistical analyses.
Number of trials. Despite being unmotivated by water deprivation, all rats initiated trials during all test sessions (Table 1) . A repeatedmeasures analysis of variance (ANOVA) indicated, however, an effect of "Salt Array" on the number of trials initiated (F(2,2) = 13.9, P = 00016). Paired t-tests (Bonferroni-corrected) determined that the rats licking NaCl initiated more trials than during either of the Na 2 CO 3 sessions (vs. Low: t(10) = 3.0, P = 0.040; vs. High: t(10) = 6.3, P = 0.00028), which did not differ from one another (t(10) = 1.82, P = 0.30). However, rats licking Na 2 CO 3 still averaged >4 trials per stimulus, suggesting good motivation by sodium depletion. It is likely that the aversive nature of particularly the high concentration range of Na 2 CO 3 (see below) resulted in less trial initiation.
Concentration-response functions. Consistent with previous work, sodium-depleted rats licking NaCl did so in an inverted-U shaped function relative to concentration, with maximal licks around 0.158-0.281 M (Breslin et al. 1993a; St. John 2017; St. John and Hallagan 2005) . When presented with an identical range of Na 2 CO 3 concentrations, however, the lowest concentration was most-preferred ( Figure 1) . Indeed, when rats were presented with a range of concentrations tenfold lower, they again displayed an inverted-U shaped concentration-response function, now with the peak licking occurring at 0.0158-0.028 M.
Comparing the 2 sessions in which isomolar concentrations of salts were tested (NaCl vs. Na 2 CO 3 at the high range), there was a main effect of "Salt Array" on licking behavior (F(1,10) = 27.9, P = 0.00036) as well as "Concentration" and a "Salt Array × Concentration" interaction. More interestingly, when the NaCl session was compared to the Na 2 CO 3 session at the low range of concentrations, so that each NaCl concentration was matched to each Na 2 CO 3 which was tenfold lower, there was no main effect of "Salt Array" (F(1,10) = 1.25, P = 0.29) and no "Salt Array × Concentration" (F(6,60) = 1.18, P = 0.33) interaction. (There was, of course, a main effect of "Concentration".) Thus, tenfold-lower Na 2 CO 3 was statistically identical to NaCl.
Because within-session contrast effects can influence behavior, it was of interest to compare licking behavior to isomolar Na 2 CO 3 at the 3 concentrations tested in 2 different sessions (0.0281, 0.05, and 0.089 M). These concentrations were the 3 lowest in the test of the high Na 2 CO 3 concentration range, and were the 3 highest in the test of the lower Na 2 CO 3 concentration range. An ANOVA on just these 3 concentrations failed to find a significant main effect of "Na 2 CO 3 Array" (F(1,10) = 0.1, P = 0.73) or a "Na 2 CO 3 Array × Concentration" interaction (F(2,20) = 1.0, P = 0.38). Thus, there was no evidence that within-session contrast effects obscured behavioral differences between NaCl and Na 2 CO 3 .
There was, however, evidence that within-session contrast effects affected water licking. An ANOVA indicated a significant main effect of "Salt Array" on licks to water (F(2,22) = 5.0, P = 0.016). Paired t-tests (Bonferroni-correction) determined that licks to water were higher in the session that tested the higher range of Na 2 CO 3 concentrations relative to the lower range (t(11) = 3.2, P = 0.028); no other comparisons were significant. Because the high Na 2 CO 3 concentration range contained 4 stimuli that were licked less that water (0.158-0.89M), water may have been unusually appealing in this session by contrast.
Experiment 2
There were 3 rats in Experiment 2 (all male) who failed to take at least one trial per stimulus during at least 1 of the 7 test sessions. The remaining 9 rats are included in the statistical analysis.
Number of trials. Despite being unmotivated by water deprivation, all rats initiated trials during all test sessions (Table 1) . Trial initiation during the 300 μM amiloride session was, however, fairly low. This may have been due not to a lack of motivation, but rather to a failure to identify the taste of sodium in the stimulus array, as we also observed low trial initiation in sodium-depleted rats tested with NaCl mixed with 300 μM amiloride in a previous study (St. John 2017) . An ANOVA indicated a significant main effect of "Amiloride Session" (F(6,48) = 5.4, P = 0.0024), and this effect was limited to 300 μM amiloride (paired t-tests vs. the first no amiloride session, Bonferroni-corrected, t(8) = 3.8, P = 0.030).
Concentration-response functions. Amiloride had a substantial effect on licking for Na 2 CO 3 (Figure 2 ). In Figure 2 , the symbols for 3, 30, and 300 mM amiloride have been made smaller merely as a visual aid to allow all concentrations to be easily compared (note that increasing concentrations of amiloride are identified by progressively darker shading of the symbols). Amiloride had 2 effects as concentration increased. First, the peak lick rate shifted rightwards from 0.0158 M Na 2 CO 3 to 0.05 and then 0.089 M Na 2 CO 3 (a quarter log to half log shift; though it is possible greater shifts were not detected do to 0.089 M being the highest concentration tested). Second, licking became progressively lower overall; rather than the peak lick rate being ~80 licks in a 15 s trial, peak lick rate became Figure 1 . Number of licks (±S.E.M.) to water and 7 concentrations of NaCl (squares) or Na 2 CO 3 (circles) in 15-s trials. Note that Na 2 CO 3 was tested twice with different ranges of 7 concentrations (low, open circles; high, filled circles). All rats were sodium-depleted by furosemide injection.
~40 licks at 300 μM amiloride. This flattening of the concentrationresponse function (but not the peak shift) was evident in our recent work with NaCl as well (St. John 2017) . These effects were evident in a main effect of "Amiloride Session" (F(6,48) = 13.0, P = 1.1 × 10 -8 ) and an "Amiloride Session × Na 2 CO 3 Concentration" interaction (F(36,288) = 4.3, P < 10 −10 . Although there appeared to be a slight increase in licking 0.089 M Na 2 CO 3 during the replication of the no amiloride condition, when the ANOVA was limited to these two sessions there was neither a main effect of "Session" (F(1,8) = 1.2, P = 0.30) or a "Session × Na 2 CO 3 Concentration" interaction (F(6,48) = 0.4, P = 0.90). Thus, exposure to multiple intervening sodium depletions did not alter Na 2 CO 3 licking behavior. This is an important observation given that some have reported a potentiated sodium appetite with multiple sodium depletions (Dietz et al. 2006; Sakai et al. 1987) ; at least using this brief-access trial method of assessing a sodium appetite, multiple depletions did not alter licking behavior.
Finally, an ANOVA comparing licks to water failed to find a significant effect of Amiloride Session (F(1,8) = 1.6, P = 0.17). Thus, although licks to water appear higher in the two highest amiloride concentration sessions (c.f., Figure 2 , Water), these lick rates were statistically indistinguishable from the no amiloride sessions. If anything, higher lick rates to water would suggest that peak licking to Na 2 CO 3 in these groups is even less impressive; rats in the 300 μM amiloride session licked on average 35.9 (± 6.9) times to 0.089 M Na 2 CO 3 , not much different than licks to water (34.0 ± 6.8). Clearly, amiloride at this concentration significantly impaired the expression of a sodium appetite.
Discussion
When depleted of sodium by furosemide injection, rats licked NaCl as an inverted-U shaped function of concentration, with peak lick rates occurring at 0.158 and 0.281 M, and progressively lower lick rates as concentration became progressively more hypotonic or hypertonic. This furosemide-induced response across concentration has been demonstrated in previous studies (Breslin et al. 1993a; Brot et al. 2000; St. John 2017; St. John and Hallagan 2005) , and has also been shown in adrenalectomized rats that show a strong sodium appetite (Smith et al. 1969) . When given an identical range of concentrations, however, furosemide-treated rats produced a monotonically decreasing lick-response function for Na 2 CO 3 , licking most to 0.028 M, and licking 0.158 and 0.281 M Na 2 CO 3 (the two mostpreferred NaCl concentrations) less than water. Even if the molar concentrations are doubled to account for the divalent nature of Na 2 CO 3 , the most-preferred concentration is 0.056 N Na + . On the basis of Morrison and Young's (1972) observation that formalin-injected rats (who also show a sodium appetite) treated 0.03 M Na 2 CO 3 similarly to 0.3 M NaCl, we also tested the behavioral responses of our furosemide-treated rats to a tenfold lower range of Na 2 CO 3 concentrations. In this test, rats licked most to 0.0158 and 0.0281 M (0.03 and 0.056 N Na + respectively), and these concentrations were the peak of an inverted-U shaped lickconcentration function. With the exception of somewhat higher licking at the lower end of the Na 2 CO 3 concentration range relative to the lower end of the NaCl concentration range (c.f., Figure 1 ), the Na 2 CO 3 curve is best-described as shifting leftward from the NaCl curve exactly one log unit (i.e., a tenfold increase in perceived intensity). One might expect a twofold leftward shift on the basis of the divalent nature of Na 2 CO 3 , but a tenfold shift requires additional mechanisms for explanation. Importantly, licking behavior to 0.028, 0.05, and 0.089 M Na 2 CO 3 was very similar whether these were the highest concentrations or the lowest concentrations in a given session, providing some confidence that within-session contrast effects do not represent one of these additional mechanisms. The identity of these additional mechanisms is currently being explored electrophysiologically (Breza and St. John 2017) and behaviorally (St. John et al. 2011) .
The behavioral data may speak to two other implications about the rat's perception of Na 2 CO 3 in addition to the greater perceived intensity than isomolar NaCl. First, peak licking (i.e., about 80 licks per 15 s trial) was almost identical in the NaCl and lowerrange Na 2 CO 3 test sessions, but was not maximal (i.e., the data are probably not constrained by a ceiling effect, as rats should be able to generate 90-105 licks in a 15-s trial at 6-7 licks/second). Thus, the leftward shift in the Na 2 CO 3 concentration function was not accompanied by an upward or downward shift. This might be taken as evidence that the hedonic evaluation of these salts is similar (a somewhat surprising result given the human evaluation of the taste of Na 2 CO 3 as described later in this Discussion). Second, these data were obtained in a state of sodium depletion. Sodium appetite has been shown to be taste-based and quite specific to the taste of sodium (and the perceptually identical, lithium) salts; salts which generalize in taste to stimuli that humans find sour or bitter (Ganchrow and Erickson 2000; Grobe and Spector 2008; Morrison 1967; Nowlis et al. 1980 ) are consumed far less by sodium-depleted rats (Breslin et al. 1993b; Fregly 1958; Geran and Spector 2004; Nachman 1962; Schulkin 1982; St. John 2017) . These data were interpreted by Schulkin as sodium depletion causing the "search for a salty taste" (Schulkin 1982; . To the extent that this inverted-U shaped concentration response function in sodium-depleted rats is a "behavioral fingerprint" for saltiness in nonhuman animals, we might conclude that Na 2 CO 3 tastes salty to rats-as much so as NaCl.
In the second experiment, we assessed whether (like NaCl) the avidity for Na 2 CO 3 to the sodium-depleted rat is dependent on amiloride-sensitive salt transduction mechanisms. In this experiment, rats received the low concentration range of Na 2 CO 3 on the first and last test session, providing an opportunity to replicate the findings of Experiment 1. In general, this replication was consistent; peak avidity for sodium carbonate was maintained at 0.028 M and licking behavior was lower at concentrations greater or less than this peak concentration (c.f., Figure 2 , open circle and circle with dot). In contrast to Experiment 1, however, licking was greater for concentrations above the peak than for concentrations below this peak. Overall, however, the pattern of data for the two experiments is similar.
With regard to the amiloride manipulation, amiloride clearly affected behavior to Na 2 CO 3 , and in essentially a concentrationdependent fashion. Amiloride is known to have a bitter taste to humans (see Halpern 1998 for a comprehensive review of amiloride's effects across a variety of vertebrate species), and thus it is possible that amiloride exerted its effect on Na 2 CO 3 licking by the addition of an aversive taste. Evidence suggests that in Sprague-Dawley rats and at least two strains of mice (Eylam et al. 2003) , concentrations of amiloride at or below 100 μM are not detectable. Most of our amiloride concentrations were in this presumably undetectable range, and behavior toward Na 2 CO 3 mixed with 300 μM amiloride was not notably unusual (and generally quite similar to 100 μM amiloride mixtures). It is likely, therefore, that amiloride's effect on licking behavior for Na 2 CO 3 is pharmacological rather than due to the presence of an aversive taste.
In a previous study (St. John 2017) , the effect of amiloride (0-300 μM, as in this study) on NaCl recognition was tested using a very similar paradigm to the current study. In that study, amiloride reduced licking behavior for NaCl in roughly an amiloride concentration-dependent fashion. Amiloride did not, however, alter the shape of the concentration-response function (which persisted with peak licking at 0.158-0.281 M), nor did it entirely eliminate licking for NaCl above water, even at 300 μM amiloride. In the current study, amiloride had a similar concentration-dependent effect in lowering licking behavior (so that licking Na 2 CO 3 in the presence of 300 μM amiloride is not much different than licking water), but amiloride did seem to shift the peak licking rightward by about a half a log unit (i.e., from 0.028 M to 0.05 M or 0.089 M Na 2 CO 3 , depending on the amiloride concentration). Thus, amiloride may be disrupting the qualitative evaluation of Na 2 CO 3 as it does with NaCl (Hill et al. 1990; Kopka et al. 2000; Spector et al. 1996) , but may additionally be reducing its perceived intensity to some degree.
At a minimum, it is clear that amiloride-sensitive transduction mechanisms (epithelial sodium channels) contribute to the avidity of sodium-depleted rats for Na 2 CO 3 , even if this mechanism may not be the whole story. This transduction mechanism is not normally thought to be modified by the anion (Elliott and Simon 1990; Ye et al. 1991; 1993; 1994) . However, Na 2 CO 3 solutions are strongly basic; in our measurements, pH of the Na 2 CO 3 taste stimuli was around 11. It is unknown how rapidly this pH might change during free licking behavior at the microenvironment of the taste pore and epithelial sodium channels, but pH is known to modulate amiloride-sensitive taste responses (Breza and Contreras 2012a; Lyall et al. 2002) . Specifically, the CT response to NaCl is reduced at low pH and increased at high pH. This effect would be consistent with causing a higher perceived intensity of Na 2 CO 3 relative to isomolar NaCl. Whether this, along with the divalent nature of Na 2 CO 3 , might account for the tenfold shift in the concentration-response function is a hypothesis that is currently being explored in our laboratory (Breza and St. John 2017; St. John et al. 2011) .
Could Na 2 CO 3 provide a palatable low-sodium substitute in human food? Preliminary evidence would suggest no. In pilot work, we have shown that human subjects rank Na 2 CO 3 concentrations similar in intensity to isomolar NaCl concentrations (Gosnell and St. John, unpublished data) . In addition, our human subjects report that Na 2 CO 3 does not taste purely salty and has a significant aversive component. This is consistent with the work of Schiffman and Erickson (1971) and Schiffman et al. (1980) . Subjects in those experiments rated Na 2 CO 3 about as intense as isonormal NaCl, and described it as bitter and aversive. In multidimensional spaces to describe the pattern of ratings of various taste solutions (biased toward other sodium salts), Na 2 CO 3 was distant from NaCl and near quinine, NaOH, and salts described as aversive such as MgCl 2 and K 2 SO 4 . It is intriguing that the rats of the current experiment, when sodium restricted but not water restricted, showed highly appetitive behavior to appropriate concentrations of Na 2 CO 3 , which might be taken as evidence of a more purely "salty" or NaCl-like taste quality. Thus, species differences likely exist. Nonetheless, further investigation of the mechanisms of Na 2 CO 3 's "super saltiness" may reveal new approaches to the development of acceptable salt substitutes. Nearly five decades since Morrison's initial work, the mystery of Na 2 CO 3 's peculiar perceptual properties deserves greater attention.
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